GaN 1−x As x alloys grown across the composition range by low temperature molecular beam epitaxy have great technological potential for photovoltaic applications owing to their strong absorption coefficient and wide tunability of band gap and band edges. We found that amorphous GaN 1−x As x alloys that are formed for the compositions x, in the range of x ϳ 0.3-0.7 are stable up to 700°C. This is surprising since growth of GaN 1−x As x above 400°C results in phase segregation. At annealing temperatures higher than 700°C the alloy phase segregates into GaAs:N and GaN:As. The relative size of the nanocrystals depends on the initial film composition and annealing conditions.
Over the past decade, it has been well established that the isoelectronic substitution of anions with very different ion size and/or electronegativity can result in dramatic restructuring of the electronic bands. These materials are difficult to synthesize due to large miscibility gaps owing to the inherent mismatch of the anion alloying elements. The resulting compounds are referred to as highly mismatched alloys ͑HMAs͒, and prominent examples include dilute As-rich and N-rich GaN 1−x As x and ZnTe 1−x O x . [1] [2] [3] [4] [5] We have demonstrated that the miscibility gap of the GaN 1−x As x system can be overcome by using low temperature molecular beam epitaxy ͑LT-MBE͒. [6] [7] [8] [9] At low growth temperatures near ϳ200°C the GaN 1−x As x system can be grown across the entire composition range on crystalline and amorphous substrates but for 0.10Ͻ x Ͻ 0.75 the resulting alloy is amorphous. The optical band gap of the GaN 1−x As x system covers a wide spectral range of 0.8-3.4 eV varying systematically with composition. Recently, amorphous GaN 1−x Bi x HMAs with up to x ϳ 0.10 have also been synthesized by the LT-MBE method. 10 Theoretical work has predicted that amorphous GaN could be a technologically useful electronic material due to the lack of deep gap states. 11 Therefore, given the strong absorption and availability of band gap engineering over a wide range, the amorphous nitride-based HMAs could have technological potential, especially in solar energy conversion devices. In this letter we investigate the thermal stability of amorphous GaN 1−x As x alloys in both rapid and furnace anneals. The high temperature stability of these highly nonequilibrium alloys is important since device fabrication typically requires processing at elevated temperatures ͑e.g., diffusion doping, dielectric deposition, etc.͒.
The GaNAs films were grown on 2 in. c-plane sapphire substrates using plasma assisted MBE. The growth temperature was in the range of 200-400°C. Further details of the growth of these amorphous alloys can be found in previous publications. [6] [7] [8] The composition and crystallinity of these films has been characterized using Rutherford backscattering spectrometry ͑RBS͒, particle induced x-ray emission, electron probe microanalysis, x-ray diffraction ͑XRD͒, and transmission electron microscopy ͑TEM͒ as reported in Refs. 6-9.
The rapid thermal annealing ͑RTA͒ process was conducted in nitrogen ambient with a GaN wafer proximity cap in the temperature range of 300-950°C for 10-60 s. For films with low arsenic contents ͑Ͻ0.35͒ negligible composition redistribution of the Ga and As elements was observed within the resolution limit of RBS. For films with higher initial arsenic contents, more significant decomposition in the form of reduced arsenic surface concentration and reduced overall thickness was observed. For example, Fig. 1 shows the RBS spectra of a 510 nm thick GaN 0.43 As 0.57 film before and after 850°C 20 s RTA. The annealing process reduced the As content in the top 280 nm of the film to x ϳ 0.17. This decomposed region was also contaminated with up to 10% residual oxygen detected using the 3. The XRD patterns in Fig. 2 show the effect of RTA on the crystallinity of a GaN 0.64 As 0.36 film. No crystalline peak can be observed for the film annealed at 700°C for 20 s. After RTA at 850°C both GaAs:N ͑111͒ and GaN:As ͑0002͒ diffraction peaks are present. The intensity of the two peaks was dependent on the initial film composition, with a high initial As content resulting in a more intense GaAs:N ͑111͒ peak. In low As-content films after 850°C 20 s RTA ͑Fig. 2͒, the GaN:As peak shifts to lower angle from that of pure GaN while the GaAs:N peak shows no shift. This suggests that GaN:As is more thermally stable than GaAs:N. After annealing at higher temperatures ͑950°C͒, the GaN:As peak agrees with pure GaN indicating further out diffusion of the remaining arsenic. The maximum As fraction in the crystalline GaN:As formed is estimated to be 3.5%. We have performed similar RTA processing on films in the range of 0.30Ͻ x Ͻ 0.70 and found similar behavior. The RTA results suggest that amorphous GaNAs HMA films are stable up to 700°C for short periods, with phase segregation into GaAs:N and GaN:As occurring at around 800°C.
Furnace anneals were conducted to determine the longterm thermal stability of the alloys. For GaNAs films with intermediate As compositions, we observed that for one hour anneals up to 600°C in 1atm nitrogen ambient, phase segregation did not occur and the films were still amorphous. After annealing for 1 h at 700°C the film was completely decomposed due to the high partial pressures of the anions in the GaNAs films. These results suggest that the thermal stability of a-GaNAs alloy films is exceptional considering that crystallization of ion implantation amorphized GaAs and GaN occurs at temperatures as low as 200°C and 500°C, respectively. 12 Moreover, for MBE growth of GaNAs alloys with As content higher than ϳ5%, phase segregation occurs at growth temperatures above 400°C, but the alloys become amorphous below 400°C. [6] [7] [8] The stability of the amorphous phase also suggests that the cations and anions in the asgrown a-GaNAs alloys are indeed randomly distributed so that long-range diffusion at higher temperatures or long time periods is needed for the kinetically driven crystallization or decomposition to occur. This randomly, homogeneously distributed cation-anion configuration may also present a thermodynamic energy barrier against phase segregation.
The average crystallite size of annealed films was estimated by analyzing the XRD diffraction patterns using the Scherrer equation. The average GaAs:N and GaN:As crystallite sizes for a GaN 0.64 As 0.36 sample are 10.5 nm and 16 nm, respectively, after 850°C 20 s RTA. RTA at 950°C 20 s results in a larger GaAs:N crystal size of ϳ22 nm while the GaN:As grain size is unchanged. A higher arsenic content ͑x ϳ 0.70͒ in the initial GaN 1−x As x film resulted in larger GaAs ͑29 nm͒ and smaller GaN ͑12.7 nm͒ grain sizes for 850°C 20 s RTA.
The as grown films have been characterized by TEM and have been shown to have diffuse electron diffraction ring patterns and "pepper/salt" diffraction contrast on high resolution micrographs, characteristic of an amorphous material. 8, 9 TEM results from a GaN 0.64 As 0.36 sample as grown and after 850°C 20 s RTA is shown in Figs. 3͑a͒ and 3͑b͒. Using Al 2 O 3 as an internal standard, the interplanar distances from the selected area diffraction ͑SAD͒ pattern have been calculated. A comparison of the interplanar distances measured by SAD and XRD with the calculated powder diffraction data from GaAs and GaN is shown in Table I . The SAD pattern clearly shows both GaN:As and GaAs:N rings indicating phase segregation in the annealed sample. The first and second rings from the center correspond to the GaAs ͑111͒ plane and a superposition of the ͑11 គ 00͒, ͑0002͒, and ͑101 គ 1͒ planes of GaN. For a sample annealed at 950°C, the spotty pattern from the GaN ͑0002͒ ring at a specific arc ͓marked by arrows in Fig. 3͑c͔͒ may suggest a preferential crystallization direction, especially close to the substrate.
Bright-field images from cross-section samples show the formation of small crystals distributed uniformly throughout the film ͓Fig. 3͑d͔͒. The high-resolution image ͓Fig. 3͑e͔͒ taken using a JEOL CM300 Sub-Angstrom TEM with 300keV accelerating voltage shows both GaAs ͑larger lattice spacings͒ and GaN ͑smaller lattice spacings͒ nanocrystals. Using Z-contrast imaging ͑Philips Tecnai -300 keV͒ the crystals with larger lattice spacings were identified as GaAs. Some of the GaAs crystals are twinned, possibly due to ni- trogen incorporation. Amorphouslike contrast is visible in high-resolution images suggesting the nanocrystals are embedded in an a-GaNAs matrix, although small grains not satisfying the diffraction condition may cause this contrast.
The optical band gap ͑E g ͒ of the alloys was characterized by optical absorption spectroscopy. The absorption spectra of a GaN 0.70 As 0.30 film as grown and after 850°C 20 s RTA shows a shift in the alloy E g from 1.57 to 1.87 eV after RTA ͑Fig. 4͒. This suggests that after RTA, more GaAs:N than GaN:As nanocrystals are formed so that the remaining amorphous matrix has less As. From the higher E g of the GaN 1−x As x alloy an As content of x ϳ 0.25 after RTA can be estimated. 8, 9 Although small GaAs:N crystals are formed after RTA, no significant absorption greater than the magnitude of Fabry-Perot oscillations at 1.4 eV is expected due to the relatively small volume fraction of GaAs:N. This band edge shift to higher energy after RTA was observed for GaNAs alloys with different compositions and as grown alloy E g spanning 1.55 eVϽ E g Ͻ 2.2 eV.
In summary, the amorphous HMA GaNAs alloys display unexpectedly high thermal stability for long-term anneals at 600°C. Phase segregation occurs after rapid annealing at 800°C and above, with GaAs:N and GaN:As nanocrystals homogeneously nucleated and distributed uniformly throughout the entire film. The resulting size of the nanocrystalline GaAs:N and GaN:As was dependent on the initial film composition and RTA conditions. 
